Introduction {#s0001}
============

Infectious diseases that result from the invasion of viral, bacterial or protozoan agents into a human organism are the major cause of human pathogenesis and mortality, surpassing cardiovascular diseases and cancer in both industrialized and developing countries. Infectious diseases are highly contagious and can also be easily transmitted through food and water. Taken together with an issue of hospital-acquired infections that can hardly be cured using standard therapeutics, this fact dictates a necessity to search for new approaches of fast and reliable diagnostics and treatment. Nowadays, the following methods of diagnostics of infectious diseases are broadly used (Kaittanis et al., [2010](#CIT0088); Shinde et al., [2012](#CIT0158)).

*Microbiological method* (*isolation, growth, and microscopy of pathogens from clinical samples*). This method, although highly specific, has several limitations. First, the method requires at least 24 h incubation of the pathogen culture. Second, some microorganisms cannot easily grow in culture (for example, *Mycobacterium tuberculosis*). The application of this method for the identification of viruses is even more restricted due to the small size of viral particles which cannot be studied by conventional optical microscopy and requires the use of electron microscopy for visualization.

*PCR*. PCR detection is based on the identification of DNA/RNA fragments corresponding to a pathogen's genome. This diagnostic method is the most sensitive and specific and can be applied for the detection of a wide spectrum of pathogens. Despite these advantages, PCR detection requires undamaged microbial DNA/RNA and is unable to discriminate between alive and dead organisms. In general, PCR diagnostics is a highly complex technique that requires appropriate instruments, specialized reagents, and experienced personnel.

*Immunological methods*. These are widely used methods based on an application of specific antibodies targeting proteins or carbohydrate moieties unique to the pathogen. Such methods include agglutination test, ELISA, and Western blot analysis. Immunoassays are very sensitive but require special conditions for the storage and handling of antibodies to prevent their denaturation.

Thus, the development of fast, cost-effective, and reliable pathogen detection methods remains a necessity. Another pressing challenge is a design of therapeutic agents for the treatment of infectious diseases. Despite the existence of a large variety of antibacterial and antiviral drugs, the problems of side effects and drug resistance are still unsolved (see, for example, rev. (Guidry et al., [2014](#CIT0067); Llor & Bjerrum, [2014](#CIT0121)). During the last decade, RNA and DNA aptamers targeting microorganisms and viruses have attracted increasing attention. The aptamers are DNA or RNA oligonucleotides capable of specific interaction with microbial targets due to the formation of a unique 3D-structure. The specificity and affinity of aptamers is close to that of monoclonal antibodies; however, the aptamers possess a number of advantages. An aptamer could be created against almost any target (even toxic or non-immunogenic), it is a relatively stable compound that can be synthesized via the standard oligonucleotide chemical synthesis procedures, with different chemical modifications if necessary. RNA and DNA aptamers that are able to bind specifically to the surface determinants of microorganisms and viruses could be used as recognizing elements for new diagnostic systems. Such characteristics of aptamers as thermal and chemical stability, lower cost, and less batch-to-batch variation make aptamer-based approaches a promising alternative to immunological methods. Moreover, high affinity and selectivity allow aptamers to discriminate very close-related targets, for example, different protein isoforms (Conrad & Ellington, [1996](#CIT0033)). In some cases, aptamers can also block the functions of target proteins and thereby could serve as a basis for the development of novel therapeutics for the treatment of infections.

Whereas several problem-oriented reviews discuss antibacterial or antiviral aptamers and their applications (Gedi & Kim, [2014](#CIT0060); Ozalp et al., [2013](#CIT0143); Shum et al., [2013](#CIT0160); Zimbres et al., [2013](#CIT0195)), this review tends to systemize recent data concerning aptamers selected against viruses, bacteria, and unicellular parasites and their potential therapeutic and diagnostic applications.

General SELEX scheme {#s0002}
====================

Aptamers are obtained from combinatorial libraries of nucleic acids by selection *in vitro*. As a rule, the library is represented by a pool of oligonucleotides containing the randomized region (20--60 nt) flanked by two constant regions necessary for primer binding and PCR amplification. Single-stranded DNA libraries are obtained by standard methods of oligonucleotide synthesis, using a mixture of all four monomers for the synthesis of randomized region. To synthesize a single-stranded RNA library, a promoter sequence for T7 RNA polymerase is introduced into the 5′-end region of ssDNA library, followed by its conversion into dsDNA and subsequent transcription *in vitro*.

A general SELEX scheme includes three major stages: incubation of the library with the target, separation of aptamer-target complexes from unbound oligonucleotides, and the amplification of bound molecules ([Figure 1A](#F0001){ref-type="fig"}). RNA SELEX includes additional steps for *in vitro* transcription to obtain a RNA library, and the reverse transcription of bound RNA molecules to obtain cDNA and its subsequent amplification ([Figure 1B](#F0001){ref-type="fig"}). Figure 1.A general schemes of SELEX method for DNA (A) and RNA libraries (B).

During the selection, the library is enriched by sequences possessing higher target affinity. Most of the time 5--15 SELEX rounds are needed to obtain aptamers, although in some cases much faster enrichment can be achieved. After the selection, the library is cloned and sequenced to determine the sequences of individual aptamers. The analysis of the structures of aptamers followed by a search for consensus regions allows the determination of the minimal size of the aptamers necessary for target binding, and the affinity of aptamers to their targets.

At present, both DNA and RNA libraries are widely used for aptamer SELEX. RNA aptamers could potentially form much larger variety of secondary structures then DNA aptamers. However, RNA aptamers are more sensitive to cellular nucleases; thus, the introduction of protective chemical modifications becomes necessary (see Keefe & Cload, [2008](#CIT0089)). DNA aptamers are more stable under a large range of conditions (Breaker, [1997](#CIT0012)), but their biological stability can also be improved. The introduction of different substituents at the 2′ position of ribose and modifications of phosphate/ribose backbone are the most commonly used chemical modifications of aptamers ([Figure 2](#F0002){ref-type="fig"}). 2′-Fluoro- and 2′-amino ribonucleoside substitutions could be introduced into initial libraries due to their compatibility with enzymatic reactions during SELEX protocol. Figure 2.Chemical modifications commonly used for antiviral and antibacterial aptamers.

Antiviral aptamers {#s0003}
==================

Human immunodeficiency virus {#s0004}
----------------------------

Human immunodeficiency virus is the causative agent of acquired immunodeficiency syndrome, which is responsible for 3 million deaths every year. Despite the development of the inhibitors of major virus enzymes and combined therapy, obtaining new antiretroviral drugs remains an urgent task because of high HIV variability. Reverse transcriptase of HIV-1 virus plays one of the key roles in viral replication, the synthesis of the DNA copy of the viral RNA genome before its integration into the DNA of the host cell. At present, a wide spectrum of aptamers has been obtained for effective reverse transcriptase binding and/or the inhibition of its activity *in vitro* (Burke et al., [1996](#CIT0019); DeStefano & Cristofaro, [2006](#CIT0041); Ditzler et al., [2011](#CIT0045); Green et al., [1995](#CIT0066); Held et al., [2006](#CIT0071), [2007](#CIT0072); Kensch et al., [2000](#CIT0090); Kissel et al., [2007a](#CIT0094), [b](#CIT0095); Lai & DeStefano, [2012](#CIT0104); Li et al., [2008](#CIT0114); Michalowski et al., [2008](#CIT0128); Mosing et al., [2005](#CIT0132); Tuerk et al., [1992](#CIT0167); Whatley et al., [2013](#CIT0178)). Furthermore, several aptamers were able to inhibit the viral replication in cells (Chaloin et al., [2002](#CIT0022); Joshi & Prasad, [2002](#CIT0083); Joshi et al., [2005](#CIT0084); Lange, [2012](#CIT0105)). The selected antiviral aptamers possess a large variety of secondary structures, including a subgroup of pseudoknot-forming aptamers first obtained by Gold and co-authors (Green et al., [1995](#CIT0066); Tuerk et al., [1992](#CIT0167)). Such structural variability could probably be determined by the large amount of potential binding sites located at different functional domains of the enzyme. Aptamers binding to HIV-1 reverse transcriptase are also characterized by different selectivities. For example, RNA aptamers obtained by Li et al. ([2008](#CIT0114)) were able to discriminate wild-type RT from its mutant form. On the contrary, broad-spectrum of DNA aptamers (Kissel et al., [2007b](#CIT0095); Michalowski et al., [2008](#CIT0128)) can bind to the phylogenetically diverse HIV-1 reverse transcriptases.

HIV-1 entry process includes several stages: the surface glycoprotein gp120 binds to CD4 receptor on the host cell surface, and due to conformational changes enables an interaction with the alternative coreceptors, CCR5 or CXCR4. The viral and cellular membranes then fuse and the viral RNA enters the cell. Therefore, gp120 is a promising target for construction of virus-inhibiting aptamers. James and co-authors selected 2′-F-modified RNA aptamer B40 binding to the BaL viral strain (Khati et al., [2003](#CIT0091)), which were shown to inhibit different types of HIV-1 infection in the culture PBMC. A more detailed study of the aptamer B40 demonstrated that the viral infection is neutralized due to the blocking of conservative amino acids in the region of binding of gp120 with the N-terminus of the CCR5 co-receptor (Cohen et al., [2008](#CIT0031); Dey et al., [2005a](#CIT0042), [b](#CIT0043); Joubert et al., [2010](#CIT0086)). It was also shown that B40 aptamer at maximum concentration of 2 µM had no cytotoxic effect on cardiomyocytes and PBMC (Lopes de Campos et al., [2009](#CIT0122)). In order to enhance biological stability of the aptamer B40, a series of minimized B40 analogs containing different chemical modifications were generated (Cohen et al., [2008](#CIT0031); Moore et al., [2011a](#CIT0131); Mufhandu et al., [2012](#CIT0133)). The authors suggest that the combination of such modified aptamers with nuclease-inhibiting Zn^2+^ ions that are able to enhance antiviral effect of chemically modified aptamers could be applied as a basis for the antiviral drug for topical application. Besides the direct therapeutic application, the B40 aptamer was also used as a delivery vehicle for siRNA targeting *tat/rev* HIV-1 exon into HIV-1-infected cells as a part of a chimeric molecule (Zhou et al., [2008](#CIT0188)).

An alternative selection of 2′-F-modified RNA aptamers against gp120 was made by Rossi and co-authors (Zhou et al., [2009](#CIT0193)). The obtained aptamers, which were different in the structure and binding sites from those described above, were applied in design of chimeric molecules containing siRNA targeting *tat/rev* exon of HIV-1 ([Figure 3](#F0003){ref-type="fig"}, panels A and B) (Zhou & Rossi, [2011](#CIT0190); Zhou et al., [2009](#CIT0193), [2011a](#CIT0189)). Aptamer A-1 provided the binding of chimeras with the surface of target cells and the subsequent cell internalization. When inside the cell, the siRNA part of the chimera was processed in the RISC complex and then inhibited HIV-1 replication and infectivity in cell cultures. The intravenous injections of the aptamer A-1 itself or A-1-containing chimeras to model humanized mice after 1-week led to significant inhibition of the viral infection (Neff et al., [2011](#CIT0135); Zhou et al., [2013](#CIT0192)). Chimeras containing "sticky bridge" between aptamer and siRNA ([Figure 3B](#F0003){ref-type="fig"}) allow combining different aptamers and siRNA, modified or not modified. This strategy is more universal compared with the direct conjugation of aptamers with siRNA. The A-1 aptamer was also applied to design of a chimeric dimer made of the aptamers, siRNA and pRNA of the bacteriophage phi29 ([Figure 3C](#F0003){ref-type="fig"}) (Zhou et al., [2011](#CIT0190)). These constructs were shown to bind gp120-expressing cells and to inhibit the infection. Figure 3.Schematic representation of aptamer-based siRNA delivery system (Zhou et al., [2009](#CIT0193), [2011a](#CIT0189)). (A) Aptamer-siRNA chimera. (B) Aptamer-sticky bridge-siRNA chimera. (C) Aptamer-phi29 pRNA-siRNA chimera.

The viral integrase, an enzyme providing an integration of viral genome to the host cell genome, is another promising target for the selection of HIV-1 inhibiting aptamers. The DNA aptamer 93del, targeting viral reverse transcriptase and integrase *in vitro*, was obtained (Andreola et al., [2001](#CIT0003); De Soultrait et al., [2002](#CIT0163)), and its ability to inhibit HIV-1 replication (50% of inhibition at 20 nM concentration) was demonstrated (De Soultrait et al., [2002](#CIT0163)). NMR studies revealed that this 16 nt aptamer forms a dimeric DNA quadruplex in the presence of K^+^ ions (Phan et al., [2005](#CIT0148)). The aptamer was shown to internalize into human cells, and the efficiency of internalization was increased in the presence of the virus (Métifiot et al., [2007](#CIT0127)). The inhibiting activity of 93del is stipulated by its interaction with viral particles as well as by blocking of the early stages of intracellular viral replication (Faure-Perraud et al., [2011](#CIT0056)). Aptamer beacons based on 93del were designed for the visualization of viral proteins in living cells (Liang et al., [2011](#CIT0119)).

Another viral protein Tat (*trans*-activator protein) was also used as a ligand for RNA aptamers' selection (Matsugami et al., [2003](#CIT0125); Yamamoto et al., [2000b](#CIT0182)). These aptamers had higher affinity to the Tat protein than TAR (the natural target of Tat) and were utilized as the basis of fluorescent beacons (Yamamoto et al., [2000a](#CIT0181)) and biosensors of several types (Minunni et al., [2004](#CIT0129); Ruslinda et al., [2013](#CIT0152); Tombelli et al., [2005](#CIT0166)). RNA aptamers targeting the polyprotein gag (Ramalingam et al., [2011](#CIT0153)) and the nucleocapsid protein were also successfully acquired (Kim & Jeong, [2004](#CIT0092); Kim et al., [2002](#CIT0093)).

The majority of anti-HIV aptamers were selected against viral proteins; however, viral RNA fragments could also be used as selection targets. Toulmé and co-authors obtained DNA and RNA aptamers against TAR RNA which is responsible for viral transcription (Boiziau et al., [1999](#CIT0010); Collin et al., [2000](#CIT0032); Ducongé & Toulmé, [1999](#CIT0051); Ducongé et al., [2000](#CIT0050); Sekkai et al., [2002](#CIT0157)). RNA aptamers bind tightly to the RNA target due to the formation of the so-called kissing complexes between the loops of the aptamer and the target RNA ([Figure 4](#F0004){ref-type="fig"}) (Collin et al., [2000](#CIT0032); Ducongé et al., [2000](#CIT0050); Lebars et al., [2007b](#CIT0108)); their specific spatial structure was confirmed by NMR and X-ray analysis and molecular dynamics simulation (Kolb et al., [2005](#CIT0096); Lebars et al., [2007b](#CIT0108), [2008](#CIT0106); Van Melckebeke et al., [2008](#CIT0126)) ([Figure 4](#F0004){ref-type="fig"}). Figure 4.Schematic representation of kissing complex between loops of aptamer and TAR RNA (Kolb et al., [2005](#CIT0096)).

A cassette coding R06~24~ aptamer was constructed with a goal of inhibition of HIV infection in the cell culture (Kolb et al., [2006](#CIT0097)). This cassette showed nucleus penetration and consistent expression, resulting in the complete inhibition of HIV replication. Synthetic analogs of the R06~24~ aptamer were obtained as well, bearing a number of chemical modifications to improve biological stability (Darfeuille et al., [2001](#CIT0036), [2002a](#CIT0034), [2004](#CIT0037); Kolb et al., [2005](#CIT0096); Lebars et al., [2007a](#CIT0107)). The analogs containing 2′-OMe nucleotides and N3′-P5′-phosphoramidate internucleotide linkages possessed high affinity to the TAR fragment (*K*~d~ = 1.5 and 6.9 nM, correspondingly) and were able to inhibit the viral transcription *in vitro* (Darfeuille et al., [2002a](#CIT0034), [b](#CIT0035)). A modified analog of the R06~24~ aptamer in which all the ribose residues replaced by hexitol residues ([Figure 2](#F0002){ref-type="fig"}) formed an unstable complex with TAR RNA, while partially modified hexitol-containing aptamer retained high affinity to RNA target. Partially hexitol-modified R06~24~ did not compete with the Tat protein for TAR region binding, in contrast to N3′-P5′-phosphoramidate analogs (Kolb et al., [2005](#CIT0096)). The uniformly LNA-modified analog of the TAR binding aptamer had a low affinity to the TAR target, while the modified aptamers containing ribo-, deoxyribo-, and LNA-nucleotides possessed high binding affinity and inhibited the formation of a complex between TAR and the Tat protein *in vitro* ([Darfeuille et al., 2004](#CIT0037), [2006](#CIT0038)). Analysis of 64 variants of LNA/2′-O-Me modified aptamers had shown that the combination of these modifications results in higher binding affinity as compared with the unmodified RNA aptamer (Di Primo et al., [2007](#CIT0149)). To obtain genomic RNA aptamers that might reflect natural interactions of the TAR fragment with human RNA transcripts, a genomic SELEX was conducted, taking *in vitro* transcripts of full human genome as a starting library (Watrin et al., [2009](#CIT0177)). The hairpin-forming aptamers obtained during this process possessed high affinity to their targets (*K*~d~ from 4 to 297 nM). A more detailed study of one of the genomic aptamers, а1, showed that it has a stem-loop structure with a 6-nt loop (which is different from R06~24~ aptamer having 8-nt loop) and binding to TAR RNA target is also provided by the formation of kissing complex. Analysis of the localization of the a1 sequence revealed that while its sequence correspond to a small area of the chromosome 16, this aptamer does not correspond to any known human RNA transcripts.

HIV-1 can also be inhibited by aptamers directed to non-viral targets. For example, human cyclin T1 (CycT1) together with cyclin-dependent kinase 9 (Cdk9) are the components of positive transcription elongation factor b (P-TEFb), which activates viral transcription after interaction with Tat protein. The RNA aptamer Apt4 against human cyclin T1 was shown to block the binding site of CycT1 with Cdk9 thus inhibiting HIV-1 transcription (Um et al., [2012](#CIT0169)).

The 2′-F-modified RNA aptamer binding to CD4 receptor on the cell surface (Davis et al., [1998](#CIT0039)) was applied for the inhibition of HIV infection as a part of a chimeric molecule containing siRNA targeting *gag, vif* or CCR5 genes (Wheeler et al., [2011](#CIT0179)). It was shown that these chimeras can directly inhibit the viral infection due to binding with CD4 and blocking cell penetration of viral particles. Moreover, aptamer-siRNA chimeras ([Figure 5A](#F0005){ref-type="fig"}) can specifically internalize into CD4+ cells and inhibit the expression of target genes in cultures of primary T-cells and macrophages, artificial tissue cultures, and model humanized mice. Local administration of chimeric constructs in a hydroxyethylcellulose gel resulted in the effective inhibition of infection together with the longer duration of the effect due to promotion of the retention of therapeutic agents at the administration area (Wheeler et al., [2013](#CIT0180)). It was supposed that such siRNA--aptamer chimeras could be applied for the design of locally acting drugs for the protection of HIV infection transmission. Figure 5.Aptamer-siRNA chimeras. (A) CD4-targeted RNA aptamer directly attached to siRNA (Wheeler et al., [2011](#CIT0179)). (B) DNA analog of CD4 aptamer attached to siRNA (Zhu et al., [2012](#CIT0194)).

Zhu et al. ([2012](#CIT0194)) also used CD4 receptor-recognizing aptamers for the delivery of siRNAs targeting the HIV protease gene. It is worth noting that the DNA analog of the original RNA aptamer was applied in this case ([Figure 5B](#F0005){ref-type="fig"}). Aptamer-siRNA chimeras were shown to penetrate effectively only into CD4-positive cells and to inhibit target gene expression; in this case the DNA aptamer appeared to be a better delivery vehicle than the analogous RNA aptamer.

Influenza viruses {#s0005}
-----------------

Influenza viruses are RNA viruses of the Orthomyxoviridae family that can be divided into three genera (A, B, and C); the subsequent virus subtype classification is based on the types of surface proteins: hemagglutinin (HA) and neuraminidase (NA). HA plays the key role in initiating the viral infection by binding to the sialic acid-containing receptors and thus mediating viral entry into the cell. Thereby, HA represents a promising target for the design of anti-influenza drugs. DNA aptamers obtained by Jeon et al. ([2004](#CIT0081)) were able to bind to a peptide corresponding with the highly conservative region of HA, common to all influenza A viruses of H3 strain. These aptamers successfully inhibited the HA invasion into the cells and blocked the viral infection in both tissue cultures and animal models. It was shown that the antiviral effect of the aptamers is caused by their interaction with the site of HA responsible for cell receptor binding.

Entire HA molecule of influenza B virus was used as a ligand (Gopinath et al., [2006b](#CIT0063)) for the selection of RNA aptamers. The obtained aptamers blocked the invasion of the virus into the cells and were able to discriminate between several different types of HA specific for influenza A and influenza B viruses. The same group also obtained an RNA aptamer that could distinguish between different strains of the same H3N2 subtype of influenza A virus. Based on such promising results, this aptamer was suggested as a prospective tool for the genotyping of influenza viruses (Gopinath et al., [2006a](#CIT0062)).

Avian influenza virus is now of a special interest as an aptamer SELEX ligand. Such aptamers could be applied for both the diagnostic and the therapy of the viral infection. To create potential antiviral drugs, DNA aptamers against the globular H9 HA domain (subtype H9N2) (Choi et al., [2011](#CIT0030)) and DNA and RNA aptamers against the receptor binding region HA1 of HA (subtype Н5N1) (Cheng et al., [2008](#CIT0028); Kwon et al., [2014](#CIT0100); Park et al., [2011](#CIT0146)) were selected. All these aptamers possessed antiviral properties and significantly inhibited the viral infection in cell cultures. The development of methods for the rapid detection and identification of avian influenza virus is essential for blocking the expansion of viral infection and the prevention of future outbreaks. A novel detection system, based on Raman spectroscopy, was developed using a DNA aptamer specific to nucleoprotein components of the commercially available vaccine FluarixtInflusplit SSWs 2009/2010 as a recognizing element (Negri et al., [2011](#CIT0137), [2012](#CIT0136)). This system allowed the detection of different influenza strains in biological samples. An alternative detection approach based on the SPR detection was proposed (Bai et al., [2012](#CIT0006)). In this case, a recognizing element was represented by the DNA aptamer obtained by SELEX against HA1 protein and the entire viral particle (subtype H5N1) (Wang et al., [2013](#CIT0176)). The resulting aptasensor provided a reliable detection of the avian influenza virus in pure cultures and biological samples in the range of 0.128--1.28 HAU. The specificity of the aptasensor was confirmed by lack of detection of other virus subtypes (H1N1, H2N2, H5N2, H7N2, and H9N2). It is worth noting that the total detection time was only 1.5 h, which is comparable with direct antigen detection by a chromatographic immunoassay. This aptasensor could be considered a prospective convenient tool for avian influenza detection in field.

Hepatitis viruses {#s0006}
-----------------

Hepatitis C virus belongs to Flaviviridae family; about 3% of the world population carries this disease. Around 80% of infected patients develop hepatic cirrhosis, and in some cases, hepatocarcinoma. Nowadays, the use of interferon itself or in combination with ribavirin is the most widely used therapy; however, it is expensive and has a high probability of adverse effects. To overcome this problem, a new type of drug was recently developed: direct-acting antiviral agents that target different stages of virus development and replication, such as polymerase and protease inhibitors (Ansaldi et al., [2014](#CIT0005)). However, mutant viruses resistant to these drugs have already emerged; therefore, the search for new therapeutic agents still remains an essential task. RNA aptamers targeting the viral RNA-dependent RNA polymerase were obtained by Biroccio et al. ([2002](#CIT0009)) and their ability to inhibit the enzyme activity was demonstrated, however, without further development. The non-structural NS2 protein, which participates in the initiation of viral RNA replication, was used as a target for DNA SELEX (Gao et al., [2014](#CIT0059)). It was shown that in virus-infected cell culture, aptamer NS2-3 binds to the NS2 protein and blocks the binding of viral proteins with host cell proteins necessary for viral RNA replication, thus inhibiting the formation of viral particles.

Chen et al. ([2009](#CIT0024)) have selected DNA aptamers against the viral envelope E2 protein expressed on the cell surface, using the same cell line with non-expressing E2 protein as a counter-selection target. As a result, a series of aptamers was obtained; among them, the ZE2 aptamer demonstrated the highest target binding affinity (*K*~d~ = 1 nM). At the concentration of 100 nM, this aptamer was able to bind viral particles and inhibit their fusion with cells. These results prompted the authors to consider the ZE2 aptamer as a prospective diagnostic and therapeutic agent, as well as a tool for the investigation of virus-cell interactions.

Other viral proteins can also be used as SELEX targets. For example, Nishikawa's group obtained bifunctional RNA aptamers that can bind both the helicase and the protease of hepatitis C virus and inhibit their activity (Fukuda et al., [2004](#CIT0058); Kumar et al., [1997](#CIT0099); Nishikawa et al., [2003](#CIT0140), [2004](#CIT0139); Sekiya et al., [2003](#CIT0156)). Two aptamers recognizing these viral enzymes were obtained separately and then connected by a polynucleotide linker (Umehara et al., [2004](#CIT0170), [2005](#CIT0171)) into a single construct. These two bifunctional aptamers NEO-35-s41 and G925-s50 ([Figure 6](#F0006){ref-type="fig"}) inhibited the protease activity of the NS3 viral protein in HeLa cell culture; *in vitro* inhibition of the viral genome replication system by these aptamers was also demonstrated. Figure 6.Bifunctional aptamers against helicase and protease of hepatitis C virus (Umehara et al., [2005](#CIT0171)). (A) NEO-35-s41 aptamer. (B) G925-s50 aptamer. Bifunctional aptamers consisted of anti-protease aptamer at the 5′-end and anti-helicase aptamer at the 3′-end connected by oligoU spacer.

Aptamers selected against different proteins of hepatitis C virus were used as recognizing elements for the design of new systems for virus detection. Viral helicase binding aptamer was applied as a receptor molecule for oscillating microcantilever in the detection of ultra-low protein target concentrations (0.1--100 ng/ml) (Hwang et al., [2007](#CIT0077)); another aptamer targeting the core antigen was applied for the construction of sol--gel-based chips for the core antigen detection in infected patients' serum (Lee et al., [2007](#CIT0110)).

Hepatitis B virus belongs to the Hepadnaviridae family, and also represents a prospective target for antiviral aptamers. To date, RNA aptamers targeting the P protein of human hepatitis B virus (Feng et al., [2011](#CIT0057)) and the related duck hepatitis B virus have been obtained (Hu et al., [2004](#CIT0076)).

Aptamers capable of binding virus-infected eukaryotic cells are of special interest. For example, Liang et al. ([2012](#CIT0117), [2013](#CIT0118)) selected DNA aptamers against baby hamster kidney (BHK) cells infected by the rabies virus. These aptamers were able to inhibit the infection in the early stages, and intracranial inoculation of the aptamer FO24 to mice 24 h prior to the inoculation of the lethal dose of the virus provided a survival rate of almost 90%. Laboratory mice intramuscularly infected by the field isolate of rabies virus (more pathogenic than laboratory strains) demonstrated a 30% survival rate when the aptamer was intramuscularly inoculated 48 h prior to infection or simultaneously with virus inoculation. Viability of 50% was observed in the case of intracranial inoculation of the aptamer before or after inoculation with the virus (Liang et al., [2014a](#CIT0115)). The same group of authors also obtained DNA aptamers that are capable of recognizing BHK cells expressing G protein of the rabies virus on the cell surface, and demonstrated the ability of aptamers to inhibit the viral infection in cell cultures (Liang et al., [2014b](#CIT0116)). A preventive inoculation of the aptamer GE54 48 h prior to the lethal challenge of the virus increased the survival rate up to 33%, but inoculation of the aptamer after the virus inoculation resulted in only 16% survival. Therefore, aptamer FO24 could protect mice from a lethal dose of rabies virus. The best group had an 87% survival rate, which was much better than for the GE54 aptamer. The authors suggested that aptamer FO24 selected against infected cells could have more common cell surface targets compared with the GE54 aptamer G protein target.

DNA aptamers recognizing A549 cells (human lung cancer cells) infected by vaccinia virus were obtained by Tang et al. ([2009](#CIT0165)). These aptamers were able to bind not only SELEX target cells but also other cell lines infected by the same virus, and demonstrated no affinity to non-infected cells. The same group of authors obtained DNA aptamers against vaccinia virus-infected HeLa cells and discovered their molecular target, which turned out to be hemagglutinin (Parekh et al., [2010](#CIT0145)). DNA aptamers selected against vaccinia viral particles were able to inhibit the infection *in vitro* (Nitsche et al., [2007](#CIT0141)). Unfortunately, these aptamers could not recognize vaccinia virus-infected cells. Aptamers selected against the vaccinia virus were applied for the development of an impedimetric aptasensor (Labib et al., [2012c](#CIT0103)). This biosensor can successfully detect viable vaccinia virus particles (down to 60 PFU in a microliter of DPBS) and distinguish them from nonviable viruses in a label-free electrochemical assay format.

Aptamers as prospective therapeutic agents were obtained for treatment of human cytomegalovirus (Wang et al., [2000](#CIT0174)), herpes simplex virus (Gopinath et al., [2012](#CIT0061); Moore et al., [2011b](#CIT0130)), SARS coronavirus (Jang et al., [2008](#CIT0080)), hemorrhagic septicemia virus (Punnarak et al., [2012](#CIT0150)), and viral protein 35 of Ebola virus (Binning et al., [2013](#CIT0008)). A possibility for the development of a new aptamer-based diagnostic systems was demonstrated by aptamers targeting SARS coronavirus (Ahn et al., [2009](#CIT0002)), Rift Valley fever virus (Ellenbecker et al., [2012](#CIT0054)), and foot-and-mouth disease virus (Bruno et al., [2008a](#CIT0013)).

A summary of a wide range of antiviral aptamers that could be used either as alternative therapeutic agents or as recognizing elements of biosensors is presented in [Table 1](#t0001){ref-type="table"}. It is worth noting that some of the anti-HIV-1 aptamer-based therapeutics have already been tested on animals and could soon be used for the treatment of this wide-spread disease. Table 1.Summary of antiviral and antimicrobial aptamers and their applications.TargetAptamer typeApplicationRef.*Human immunodeficiency virus*    Glycoprotein gp1202′-F-RNANeutralization of HIV-1 infection in the culture of PBMC siRNA delivery into HIV-1 infected cellsKhati et al. ([2003](#CIT0091)), Dey et al. ([2005a](#CIT0042), [b](#CIT0043)), Cohen et al. ([2008](#CIT0031)), Lopes de Campos et al. ([2009](#CIT0122)), Joubert et al. ([2010](#CIT0086)); Moore et al. ([2011a](#CIT0131)), Mufhandu et al. ([2012](#CIT0133)), and Zhou et al. ([2008](#CIT0188)) Glycoprotein gp1202′-F-RNAInhibition of HIV-1 infection in cell cultures and model humanized mice by chimeric molecules containing siRNA targeting *tat/rev* exon of HIV-1Zhou et al. ([2009](#CIT0193), [2011a](#CIT0189), [b](#CIT0191), [2013](#CIT0192)), Zhou & Rossi ([2011)](#CIT0190) and Neff et al. ([2011](#CIT0135)) Integrase and reverse transcriptaseDNAInhibition of HIV-1 in cell culturesAndreola et al. ([2001](#CIT0003)), de Soultrait et al. ([2002](#CIT0163)), Phan et al. ([2005](#CIT0148)), Métifiot et al. ([2007](#CIT0127)), and Faure-Perraud et al. ([2011](#CIT0056)) Tat proteinRNAQuartz crystal microbalance-based aptasensor LOD is 0.65 ppm in protein solutionMinunni et al. ([2004](#CIT0129)) Tat proteinRNASPR detection LOD is 0.25 ppm in protein solutionTombelli et al. ([2005](#CIT0166)) TAR RNARNAInhibition of HIV replication by a cassette coding aptamerKolb et al. ([2006](#CIT0097)) CD4 receptor2′-F-RNAInhibition of HIV infection by a chimeric molecules containing aptamer and siRNA targeting *gag, vif* or CCR5 genesWheeler et al. ([2011](#CIT0179), [2013](#CIT0178)) CD4 receptorDNA analog of RNA aptamerEffective penetration into CD4-positive cells and inhibition of target gene expression by siRNA-aptamer chimerasZhu et al. ([2012](#CIT0194))*Influenza viruses*    Peptide corresponding to a HA region common to all influenza A viruses of H3 strainDNAInhibition of HA invasion into the cells and blocking viral infection both in tissue cultures and in animal modelsJeon et al. ([2004](#CIT0081)) HA of influenza B virusRNABlocking the invasion of virus into the cellsGopinath et al. ([2006a](#CIT0062)) Globular HA domain (subtype H9N2)DNAInhibition of viral infection in cell culturesChoi et al. ([2011](#CIT0030)) Receptor binding region HA1 (subtype Н5N1)DNADecreasing of viral titer after 72 h of infection in a dose-dependent mannerCheng et al. ([2008](#CIT0028)) Receptor binding region HA1 (subtype Н5N1)RNAHigh suppression level of agglutination on chicken red blood cellsPark et al. ([2011](#CIT0146)) Receptor binding region (subtype Н5N1)RNAOver 50% of the Madin--Darby canine kidney cells survived in the presence of the aptamersKwon et al. ([2014](#CIT0100)) Inactivated influenza vaccine FluarixtInflusplit SSWs 2009/2010DNASERS detection LOD is 1 mg/mL HA in biological samplesNegri et al. ([2011](#CIT0137), [2012](#CIT0136)) HA1 protein and the entire viral particles (subtype H5N1)DNASPR detection LOD is 0.128--1.28 HAU in pure cultures and biological samplesBai et al. ([2012](#CIT0006)) and Wang et al. ([2013](#CIT0176))*Hepatitis viruses*    NS2 protein of hepatitis C virusDNABlocking of the binding of viral protein with host cell proteins necessary for viral RNA replication, thus inhibiting the formation of viral particlesGao et al. ([2014](#CIT0059)) Protein Е2 expressed on the surface of cells infected by hepatitis C virusDNABinding of viral particles and inhibition of their fusion with cellsChen et al. ([2009](#CIT0024)) Helicase and protease of hepatitis C virusRNA (bifunctional)Inhibition of the protease activity of NS3 viral protein in HeLa cell cultureUmehara et al. ([2004](#CIT0170), [2005](#CIT0171)) Helicase of hepatitis C virusRNAOscillating microcantilever LOD is 0.1--100 ng/ml in protein solutionHwang et al. ([2007](#CIT0077)) Core antigen of hepatitis C virus2′-F-RNASol--gel-based chips Detection in infected patients' serumLee et al. ([2007](#CIT0110))*Other viruses*    BHK cells infected by rabies virusDNAInhibition of viral infection on model infected animalsLiang et al. ([2012](#CIT0117), [2013](#CIT0118), [2014a](#CIT0115)) Vaccinia viral particlesDNAInhibition of viral infection *in vitro.* Could not recognize vaccinia virus-infected cells.Nitsche et al. ([2007](#CIT0141)) Live vaccinia virusDNAImpedimetric aptasensor. LOD is 60 PFU/μL in PBS.Labib et al. ([2012c](#CIT0103)) N protein of SARS coronavirusRNANanoarray aptamer chip. LOD is 42 fM in protein solution.Ahn et al. ([2009](#CIT0002)) *Salmonella*     Pilin structural protein of   *S. typhi*RNAInhibition of the invasion of pil+ *S.* Typhi into human monocytes.Pan et al. ([2005](#CIT0144))  Potentiometric aptasensor based on single-walled carbon nanotubes. LOD is 0.2 CFU/ml in bacterial suspension.Zelada-Guillén et al. ([2009](#CIT0184))  Mixture of OMPs of *  S. typhimurium*DNAAptamers, immobilized on magnetic beads, were applied for the capturing of the pathogen in biological samples with subsequent PCR detection. LOD is 10 CFU/g in biological samples.Book et al. ([2011](#CIT0011)), Joshi et al. ([2009](#CIT0085)); Jyoti et al. ([2011](#CIT0087)), and Singh et al. ([2012](#CIT0161))  Electrochemical aptasensor. LOD is 3 CFU/ml in bacterial suspension.Ma et al. ([2014](#CIT0124))  *S. typhimurium* whole   live cellsDNASandwich-type system with fluorescent detection. LOD is 25 CFU/ml in bacterial suspension.Duan et al. ([2013a](#CIT0049))  *S. typhimurium* whole   live cellsDNAImpedimetric aptasensor. LOD is 600 CFU/ml in bacterial suspension.Labib et al. ([2012b](#CIT0102)) and Kolovskaya et al. ([2013](#CIT0098))  *S. enteritidis* whole   live cellsDNAImpedimetric biosensor. LOD is 600 CFU/ml in bacterial suspension.Labib et al. ([2012a](#CIT0101))  Lateral flow aptasensor. Detection in bacterial suspension and biological samples.Fang et al. ([2014](#CIT0055))  *S. typhimurium* whole   live cellsBiotin labeled DNADetection by quantitative PCR. LOD is 350--3500 CFU/ml in bacterial suspensionDwivedi et al. ([2013](#CIT0053))  *S. paratyphi* A whole   live cellsDNAOptical detection system LOD is 10^4^ CFU/ml in city water samples spiked with *S.* Paratyphi AYang et al. ([2013](#CIT0183)) *Staphylococcus aureus*     Whole live cellsDNALight-scattering detection. Single cell detection in bacterial suspension.Chang et al. ([2013](#CIT0023))  Whole live cellsDNAFlow cytofluorometry in biological samples.Cao et al. ([2009](#CIT0020))  Potentiometric aptasensor based on carbon single-walled nanotubes. LOD is 800 CFU/ml in bacterial suspension and skin samplesZelada-Guillén et al. ([2012](#CIT0186))  Simultaneous dual-color fluorescent detection of *S. aureus* and *S. typhimurium* using aptamer-functionalized magnetic nanoparticles LOD is 8 CFU/ml in bacterial suspensionDuan et al. ([2012a](#CIT0046))  α-ToxinDNAInhibition of α-toxin-mediated cell death in Jurkat T cellsVivekananda et al. ([2014](#CIT0173))  Enterotoxin BDNASpecific enterotoxin B detection in toxin-reach culture medium after cultivation of four different strains of *S. aureus*DeGrasse et al. ([2012](#CIT0040)) *Escherichia coli*     OMPs of Crooks strainDNAFRET detection in bacterial suspensionBruno et al. ([2010](#CIT0015))  Fimbriae protein of   K88 strainDNASandwich-type fluorescent assay LOD is 1.1 × 10^3^ CFU/ml in pure culture and 2.1 × 10^3^ CFU/ml in biological samplesPeng et al. ([2014](#CIT0147))  DH5a strain whole live cells2′-F-RNAField transistor based on single-walled carbon nanotubes LOD is 310 CFU/ml in bacterial suspensionSo et al. ([2008](#CIT0162))  Sandwich-type detection system LOD is 10 CFU/ml in suspension of two bacterial speciesLee et al. ([2009](#CIT0109))  Potentiometric aptasensor LOD is 6 CFU/ml in milk and 26 CFU/ml in apple juice samplesZelada-Guillén et al. ([2010](#CIT0185)) *Mycobacterium tuberculosis*     Whole live cellsDNADecrease of the amount of mycobacteria in MTB-infected mice, alleviation of disease manifestations and prolongation of the survival rateChen et al. ([2007](#CIT0027), [2012](#CIT0025), [2013](#CIT0026))  MPT64 proteinDNASandwich-type system Detection in clinical samplesQin et al. ([2009](#CIT0151))  CFP-10.ESAT-6 protein   heterodimerDNAELONA assay in clinical sputum samplesRotherham et al. ([2012](#CIT0155)) *Unicellular parasites*     *Tr. Brucei* live parasitesRNADelivery of different cargo compounds into trypanosomesHomann et al. ([1999](#CIT0073), [2001](#CIT0074), [2006](#CIT0075)), Adler et al. ([2008](#CIT0001)), and Göringer et al. ([2006](#CIT0065))  VSG surface proteins2′-F-RNAPotentiometric aptasensor based on single-walled carbon nanotubes LOD is 10 pM in blood samples containing VSG proteinLorger et al. ([2003](#CIT0123)) and Zelada-Guillén et al. ([2013](#CIT0187))  *Tr. cruzi* at trypomastigote stage2′-F-RNAInhibition of parasite invasion into cellsUlrich et al. ([2002](#CIT0168))  DBL1α protein corresponding   to the semi-conservative   N-terminal domain of   PfEMP1 protein of   *P. falciparum*2′-F-RNADestruction of rosettes formed by *P. falciparum*Barfod et al. ([2009](#CIT0007))  *P. vivax* PvLDH and PfLDHDNAImpedimetric aptasensor LOD is 110--120 fМ in blood samplesLee et al. ([2012a](#CIT0111), [b](#CIT0112))  Colorimetric aptasensor LOD is 75--100 parasites/μl in blood samplesJeon et al. ([2013](#CIT0082))

Antibacterial aptamers {#s0007}
======================

Salmonella {#s0008}
----------

*Salmonella enterica* is a dangerous pathogen that can be transmitted through contaminated food and water. Certain components of the bacteria as well as whole bacterial cells can be used as ligands for aptamer selection. The RNA aptamer S-PS~8.4~, which specifically binds type IVB pili of *S. enterica* serovar Typhi, was acquired using a pilin structural protein as a selection target (Pan et al., [2005](#CIT0144)). It was shown that the S-PS~8.4~ aptamer forms a tight complex with the target protein (*K*~d~ = 8.56 nM). Just 2.0 μg of S-PS~8.4~ provided 71% inhibition of the invasion of pil + *S.* Typhi into human monocytes (THP-1 suspended cell line) due to specific aptamer binding. It was proposed that this aptamer can potentially be applied as an alternative to antibiotic-based therapy. The aptamer S-PS~8.4~ covalently immobilized on the surface of carboxylated single-walled carbon nanotubes was used as a recognizing element of a potentiometric biosensor for bacteria detection in solution (Zelada-Guillén et al., [2009](#CIT0184)). This aptasensor allowed the detection of a single CFU of target *S. enterica* in an assay that was close to real-time. The authors suggested that this aptasensor could be used for a very rapid and reliable detection of pathogens in samples without any kind of pretreatment. The aptasensor was also shown to be specific, as no signal was detected from *Escherichia coli* or *Lactobacillus casei* containing samples.

To select DNA aptamers against *S. enterica* serovar Typhimurium, a mixture of outer membrane proteins (OMP) was used as the positive selection target (Joshi et al., [2009](#CIT0085)). The SELEX process included four rounds of positive selection preceded by the counter selection against *E. coli* OMP and lipopolysaccharides and three additional rounds of negative selection using a mixture of *E. coli* and *Salmonella* lipopolysaccharides. The obtained aptamers, 33 and 45, were able to bind not only the target proteins but also the outer membrane proteins isolated from seven (7) other serovars as well as the whole bacteria. These aptamers, immobilized on magnetic beads, were applied to capture the pathogen from biological samples with subsequent PCR detection; the detection limit of the system was 10 CFU/g of biological sample. Fluorescence correlation spectroscopy analysis of the binding affinity of aptamers 33 and 45 revealed that both aptamers form tight complexes with bacterial targets with sub-nanomolar *K*~d~ (0.1285 nM and 0.3772 nM, respectively), and the receptor density for these aptamers is about 40 receptors per µm^2^ (Book et al., [2011](#CIT0011)). Therefore, both aptamers were considered to be suitable for the development of detection systems. Aptamer 33 was successfully applied for the concentration and detection of pathogenic bacteria in samples obtained from natural reservoirs (such as Ganges and Gomati rivers) (Jyoti et al., [2011](#CIT0087); Singh et al., [2012](#CIT0161)) and also for the development of an electrochemical biosensor (Ma et al., [2014](#CIT0124)).

Several modified 2′-F-RNA aptamers against the outer membrane protein, OmpC, of *S.* Typhimurium were described in (Han & Lee, [2013](#CIT0070)). One aptamer, I-2, possessed high affinity to the target protein (*K*~d~ = 20.27 nM) and, in contrast to the other obtained aptamers, was able to bind intact *S. typhimurium* cells. Its binding selectivity was demonstrated in experiments with Gram-positive bacteria non-expressing OmpC and Gram-negative bacteria expressing this protein.

Whole living *S. typhimurium* cells were used as targets for DNA aptamer selection (Duan et al., [2013b](#CIT0048)). To achieve the maximal binding specificity for the third and fifth SELEX rounds (nine rounds overall), an additional negative selection stage was included, using a mixture of pathogenic bacteria *Listeria monocytogenes, E. coli, Staphylococcus aureus, Streptococcus pneumoniae, Vibrio parahemolyticus*, and *Cronobacter sakazakii* as negative targets. The obtained ST2P aptamer was applied as a component of sandwich-type system for the detection of *S. typhimurium* in solution. For this purpose, ST2P aptamer was immobilized on the surface of magnetic nanobeads which were used for the concentration of targets from the solution, and then fluorescently labelled ST2P was added to the system with the subsequent detection of the fluorescent signal.

Whole bacterium cells were also used by Berezovski and co-workers for the selection of DNA aptamers against *S. enterica* serotype Typhimurium and *S. enterica* serotype Enteritidis (Kolovskaya et al., [2013](#CIT0098); Labib et al., [2012b](#CIT0102)). A mixture of aptamers selected against *S. typhimurium* inhibited the growth of the bacteria on Petri dishes, and the STYP-3 aptamer with the highest binding affinity (*K*~d~ = 25 nM) was applied for the development of an impedimetric biosensor. The obtained aptasensor was able to detect DPBS down to 600 CFU/ml and was able to discriminate between different serovars of *S. enterica* as well as between alive and thermoinactivated bacteria. The shortened version of aptamer SE-3 binding to *S. enteritidis* was applied for the design of a lateral flow biosensor for pathogen detection in bacterial suspensions and biological samples (Fang et al., [2014](#CIT0055)).

For the use in detection systems, aptamers are generally conjugated with reporter groups, nanoparticles, or nanotubes; therefore, the introduction of additional functional groups into an aptamer is necessary. To obtain biotin-containing DNA aptamers against whole cells of *S. typhimurium*, a library of DNA molecules bearing the biotin residue as 5′-terminal modification was applied (Dwivedi et al., [2013](#CIT0053)). The binding affinity of biotin-containing aptamers S8-46 and S8-7 (*K*~d~ = 0.74 and 1.73 µM, respectively) was sufficient for use in bacterial detection by quantitative PCR, and the detection limit of the assay was found to be 3.5 × 10^2^--3.5 × 10^3^ CFU/ml of bacterial suspension.

Salmonella O8 (Liu et al., [2012](#CIT0120)), *S. enteritidis* (Hyeon et al., [2012](#CIT0078); Labib et al., [2012a](#CIT0101)) and *S. enterica* serovar Paratyphi A (Yang et al., [2013](#CIT0183)) were also used as targets for aptamer selection. A DNA aptamer selected against the cells of *S. paratyphi* A was utilized as the basis for an optical detection system (Yang et al., [2013](#CIT0183)). The scheme of the detection is rather complex and includes several steps. First, a chimeric molecule made of DNA aptamer and peroxidase DNAzyme is non-covalently conjugated to the single-walled carbon nanotubes. After the addition of a bacterial culture to be analyzed, the aptamer binds to the target and dissociates from the surface of the nanotubes. Next, the hemin is added to the analysis mixture, which binds the DNAzyme molecule and induces the formation of the active structure of the DNAzyme. At the final stage, after the addition of the luminol, the latter reacts with hydrogen peroxide generating a chemiluminescent signal which is detected by a fluorescent spectrophotometry. The feasibility of this detection system was proven by the example of *Salmonella* detection in city water samples spiked with *S. paratyphi* A.

Staphylococcus aureus {#s0009}
---------------------

*Staphylococcus aureus* is a pathogenic Gram-positive bacterium which can cause a wide spectrum of diseases from mild infections to life-threatening diseases such as pneumonia, endocarditis, septicemia, and toxic shock syndrome. To date, two studies have been published relating to the selection of DNA aptamers against *S. aureus*. Chang et al. ([2013](#CIT0023)) used whole bacterial cells as SELEX targets, where every selection round included a negative selection stage against *S. epidermidis*. The 62 nt aptamers SA17 and SA61 obtained possessed high binding affinity and specificity as compared with a number of other bacteria such as *Bacillus subtilis, Citrobacter freundii, E. coli, Klebsiella pneumoniae, Listeria monocytogenes, Moraxella catarrhalis, S. enterica, Shigella boydii, Shigella flexneri, Streptococcus bovis, S. pneumoniae, Staphylococcus saprophyticus*, and *Staphylococcus haemolyticus*; nevertheless, the binding, although at a much lower extent, was observed with *S. epidermidis* and *P. aeruginosa*. Interestingly, the immobilization of aptamers SA17 and SA61 on the surface of gold nanoparticles led to the increase in target binding affinity (*K*~d~ = 35 and 129 nM for free and 3.03 and 9.9 nM for surface-immobilized aptamers). It was assumed that such a change in affinity could be explained by avidity effect reflecting multiple aptamer-target interactions. Conjugates of the aptamers with gold nanoparticles were applied for the development of a detection system that would be sensitive enough to detect a single bacterial cell.

Five different 88 nt DNA aptamers were obtained by Cao et al. ([2009](#CIT0020)) using whole cell SELEX procedure with counter-selection against *Streptococcus* (A5005) or *S. epidermidis* to reduce the amount of non-specific sequences. Each of the selected aptamers demonstrated high affinity and selectivity of binding of *S. aureus*; however, using a mixture of all five aptamers for the detection of bacterial targets in a number of biological samples was found to be even more effective. One of the aptamers obtained by Cao et al. was further used in the construction of a potentiometric aptasensor for *S. aureus* detection in skin (Zelada-Guillén et al., [2012](#CIT0186)), and in the design of a system for the simultaneous fluorescent detection of two pathogenic bacteria *S. aureus* and *S. typhimurium* (Duan et al., [2012b](#CIT0047)). Aptamers immobilized on the surface of magnetic beads were used for the pathogens capture from solution; aptamers conjugated with up-conversion nanoparticles NaY~0.28~F4:Yb0.70, Er0.02 and NaY0.78F4:Yb0.2, Tm0.02 were applied for a specific detection of *S. aureus* and *S. typhimurium*.

Aptamers selected against bacterial toxins are of a particular interest. To develop potential drugs against staphylococcal infections, DNA aptamers capable of recognizing the α-toxin of *S. aureus* were selected (Vivekananda et al., [2014](#CIT0173)). Aptamers АТ-27, АТ-33, АТ-36, and АТ-49 significantly inhibited α-toxin-mediated cell death in Jurkat T cells. For example, in the presence of one of the aptamers, the cell survival rate increased from 50--60% to 85--90%. Semi-quantitative RT-PCR analysis revealed an inhibition of α-toxin-mediated transcription of the cytokine genes *NTF-α* and *IL-17*. Enterotoxin B of *S. aureus* was also used as a ligand for the selection (DeGrasse, [2012](#CIT0040)). The resulting aptamer APT^SEB1^ possessed a selectivity sufficient for a specific detection of enterotoxin B in the mixture of several homologous staphylococcal enterotoxins as well as in toxin-reach culture medium after the cultivation of four different strains of *S. aureus*. It was suggested that this aptamer can be applied in the development of pathogen detection systems in biological samples of different nature.

Escherichia coli {#s0010}
----------------

*Escherichia coli* is one of the most common and normally harmless bacteria found in the intestinal tract of warm blooded animals. However, some virulent strains of *E. coli* are dangerous food-borne pathogens. For instance, *E. coli* O157:H7 strain can cause a wide range of diseases such as hemorrhagic and non-hemorrhagic diarrhea, occasional kidney failure or hemolytic uremic syndrome. In order to obtain new aptamers against *E. coli*, both whole bacteria and bacterial components could be used as SELEX targets.

A DNA aptamer against lipopolysaccharide of *E. coli* O111:B4 was selected (Bruno et al., [2008b](#CIT0014)) and applied as a basis for a conjugate with human C1qrs protein which activates the complement system responsible for non-specific resistance to bacteria. The resultant conjugate demonstrated an antibacterial activity in the presence of complement proteins, and could be considered as a prospective antibacterial drug. Unfortunately, this approach has not been further developed so far. The same group of authors selected another DNA aptamer targeting outer membrane proteins of an *E. coli* Crooks strain for the specific FRET detection of bacteria (Bruno et al., [2010](#CIT0015)).

The DNA aptamer binding the fimbriae protein of enteropathogenic *E. coli* strain K88 was obtained by Li et al. ([2011](#CIT0113)). Since that strain is the only one with fimbriae, the acquired aptamer could be applied for the specific pathogen detection. Enteropathogenic *E. coli* strain K88 was also used for cell-SELEX of a DNA aptamer (Peng, [2014](#CIT0147)). A sandwich-type fluorescent assay was developed for the detection of *E. coli* K88 in pure cultures as well as in spiked biological samples. An individual aptamer or the whole enriched library after 13 SELEX rounds were used as one of the components of this sandwich detection system; a higher signal intensity was demonstrated in the case of the aptamer library. The pathogen detection limit was 1.1 × 10^3^ CFU/ml in pure culture and 2.1 × 10^3^ CFU/ml in biological samples.

The 2′-F-RNA aptamer I-1 against *E. coli* O157:H7 strain was obtained using whole bacterial cells as a target (Lee et al., [2012a](#CIT0111), [b](#CIT0112)). It was found that aptamer I-1 can be truncated from 99 to 64 nt and retained the same properties, but further sequence minimization led to a decrease in binding affinity. The study of aptamers binding with different components of the bacterial membrane revealed that the particular target of the aptamer I-1 is a lipopolysaccharide that is unique for the pathogenic *E. coli* strain. Further experiments for using the aptamer for direct pathogen detection on different samples are planned.

So et al. ([2008](#CIT0162)) obtained a 2′-F-RNA aptamer against DH5α *E. coli* cells, which was further applied as a bacteria-recognizing element. For this purpose, the aptamer was non-covalently immobilized on the surface of single-walled carbon nanotubes as part of the field transistor. The limit of detection was 310 CFU/ml; however, a significant difference in bacterial titer determination was observed between the newly proposed method and classic microbiological approach. This aptamer was also applied for the development of a sandwich-type detection system (Lee et al., [2009](#CIT0109)): first, bacterial cells were immobilized on magnetic beads coated by specific antibodies, then the aptamer was added, and after thermal denaturation of the target--aptamer complexes, the latter was detected by an RT-PCR method. The development of potentiometric biosensor based on aptamer covalently immobilized on single-walled carbon nanotubes was also described (Zelada-Guillén et al., [2010](#CIT0185)).

Mycobacterium tuberculosis {#s0011}
--------------------------

Tuberculosis caused by *M. tuberculosis* (MTB) still remains a widespread dangerous infection, in particular because of the existence of a large number of drug-resistant MTB strains. The development of conceptually new therapeutic agents would enable improvements in this field. Chen et al. ([2007](#CIT0027)) selected DNA aptamers using whole living bacteria as SELEX target. A single injection of 0.8 µg of NK2 aptamer decreased the amount of mycobacteria in MTB-infected mice, alleviated disease manifestations and prolonged the survival rate. Further studies revealed that all the aptamers obtained (Chen et al., [2007](#CIT0027)) possess high binding affinity, with the NK2 aptamer being found to be the most effective binder (*K*~d~ = 31 nM) and being able to inhibit the invasion of MTB into macrophages (Chen et al., [2012](#CIT0025), [2013](#CIT0026)). These aptamers are considered promising therapeutic agents and are also of interest for the development of molecular probes to study the mechanisms of bacterial invasion into cells.

Another approach for obtaining anti-tuberculosis aptamers was developed by Shum et al. ([2011](#CIT0159)). The bacterial enzyme polyphosphate kinase 2 (PPK2) was used as a SELEX target. PPK2 is a polyphosphate-dependent nucleotide diphosphate kinase that plays an important role in the synthesis of mycolic acid and other surface polysaccharides critical for bacterial survival during active growth. The highest target binding affinity (*K*~d~ = 870 nM) was demonstrated for the quadruplex-forming aptamer G9 and its shortened versions. The aptamer G9 inhibited the activity of the enzyme to 50% at concentration of 39.3 nM. This aptamer could be a potential therapeutic agent as soon as an efficient system for its cell delivery can be developed.

Aptamers can also be applied as a basis for a new MTB detection system. For example, a sandwich-type system was developed for the detection of MPT64 antigen which is expressed during an active bacterial cell division (Qin et al., [2009](#CIT0151)). The aptamer М64СА selected in this work was immobilized on the surface of a polystyrol microplate for the capture of analyte molecules, and another aptamer, M64RA, was used as a reporter component. The system was tested on 77 samples of culture filtrates including *M. tuberculosis* and other Mycobacterium species and demonstrated high sensitivity and specificity of the assay. The authors noted that the constructed detection system needs to be improved due to the emergence of false-positive and false-negative results. DNA aptamers were also selected against another biomarker of tuberculosis, protein heterodimer CFP-10.ESAT-6. A detection assay *in vitro* using the obtained aptamers showed high sensitivity and specificity, but the detection in bacterial lysates revealed that aptamers also bind to *S. aureus, M. smegmatis, M. bovis* BCG and, in some cases, *P. aeruginosa*. Moreover, the aptamer-based detection of CFP-10.ESAT-6 in clinical samples demonstrated lower sensitivity and specificity when compared with the antibody-based assay (Rotherham et al., [2012](#CIT0155)).

Aptamers recognizing MTB proteins could also be applied to study their functions. For example, RNA aptamers were selected against the bacterial protein EsxG, the particular function of which is not currently clear (Ngubane et al., [2014](#CIT0138)). The obtained aptamers G47 and G48 possessed high target binding affinity (*K*~d~ = 8.04 nM and 78.85 nM, correspondingly); therefore, the authors suggested that they could be used as prospective molecular probes in the functional studies of EsxG as potential tuberculosis marker.

One of the problems of public health is the growing drug resistance of several microbial pathogens. Selection of antimicrobial aptamers against *S. enterica, S. aureus, M. tuberculosis*, etc. ([Table 1](#t0001){ref-type="table"}) represents a new way to overcome this problem. Aptamer-based detection systems provide a possibility to detect pathogenic proteins or whole bacteria directly in a real complex matrix without preliminary concentration or purification of the microbial target. This direct detection allows assay time and cost to be decreased.

During the last several years, aptamers against different bacterial species have become the focus of growing interest. DNA aptamers that specifically bind to the surface of spores of anthrax *Bacillus anthracis* (Bruno & Kiel, [1999](#CIT0016); Bruno & Carrillo, [2012](#CIT0018)) and crystal-forming bacteria *B. thuringiensis* (Ikanovic et al., [2007](#CIT0079)) have been developed. DNA aptamers against *Campylobacter jejuni* (Bruno et al., [2009](#CIT0017); Dwivedi et al., [2010](#CIT0052)), *L. monocytogenes* (Ohk et al., [2010](#CIT0142); Suh & Jaykus, [2013](#CIT0164)), *V. parahemolyticus* (Duan et al., [2012a](#CIT0046)), *Shigella dysenteriae* (Duan et al., [2013a](#CIT0049))*, Streptococcus pyogenes* (Hamula et al., [2011](#CIT0068)), *Francisella tularensis* (Vivekananda & Kiel, [2006](#CIT0172)), *Pseudomonas aeruginosa* (Wang et al., [2011](#CIT0175)), *Leishmania infantum* (Ramos et al., [2007](#CIT0154)), and *Lactobacillus acidophilus* (Hamula et al., [2008](#CIT0069)) have also been described. All these aptamers can potentially be used as a prospective therapeutic agents and diagnostic tools.

Unicellular parasites {#s0012}
=====================

Various diseases caused by unicellular parasites remain a major concern worldwide. Malaria causes the death of approximately 2.7 million people per year (Andreopoulos, [2003](#CIT0004)); Chagas disease and schistosomiasis affect millions of people in Asia, Africa and South America (Capron et al., [2002](#CIT0021); Dias et al., [2002](#CIT0044)). Most of the known drugs for the parasites' infection treatment are not very effective and have some serious side effects.

Homann & Göringer ([1999](#CIT0073)) obtained RNA aptamers targeting live *Trypanosoma brucei*, protozoan parasites which are causative agents of sleepy sickness. Two *Tr. brucei strains* were used as SELEX targets. An RNA library was incubated with parasites in the blood-stream stage; non-bound molecules were withdrawn by centrifugation. The resulting aptamer 2--16 was efficiently bound to the parasites of both strains in blood-stream stage (*K*~d~ = 60 nM) and had no affinity to *Tr. brucei* on the other developmental stages. Using photoaffinity modification and fluorescent spectroscopy with the fluorescently labeled aptamer 2--16, it was discovered that its target is the 24 kDa protein located in the flagellar pocket of trypanosome. After binding to this protein, the aptamer invades the trypanosome by receptor-mediated endocytosis, and becomes localized in the endosomes. With the example of the aptamer 2--16 biotin conjugate, the possibility of using this aptamer for cargo delivery into trypanosomes was demonstrated (Homann & Göringer, [2001](#CIT0074)). To increase the stability of aptamer 2--16 in biological media, pyrimidine nucleotides were replaced by their 2′-amino or 2′-fluoro analogs. 2′-Aminomodification resulted in the complete loss of binding affinity, while 2′-fluoro-modified aptamers retained the ability to bind trypanosomes (*K*~d~ = 70 nM) and possessed high resistance to serum nucleases (Göringer et al., [2006](#CIT0065)). For the further improvement of biological stability, conjugates of aptamer 2--16 with polyethylene glycol of different molecular weight were synthesized. It was shown that conjugation with low-molecular polyethylene glycol had no significant effect on target binding, and the use of high molecular weight polyethylene glycol completely inactivated the aptamer (Adler et al., [2008](#CIT0001)). It turned out that a more successful strategy was the use of modified RNA libraries containing 2′-fluoro or 2′-amino pyrimidine nucleotides during SELEX. For the selection of 2′-amino RNA aptamers, living trypanosomes were used as targets. The obtained aptamer possessed nearly the same binding affinity as aptamer 2--16 (*K*~d~ = 70 nM) and bound trypanosomes in the constrained region around the flagellum (Homann et al., [2006](#CIT0075)). To obtain 2′-fluoro-containing RNA aptamers capable of binding the surface of trypanosomes of different species, the purified VSG surface proteins were used as the SELEX target (Göringer et al., [2003](#CIT0064); Lorger et al., [2003](#CIT0123)). The aptamer cl57 (Lorger et al., [2003](#CIT0123)) was covalently immobilized onto the surface of single-walled carbon nanotubes and applied for the development of potentiometric sensor for the detection of clinically significant proteins in blood (Zelada-Guillén et al., [2013](#CIT0187)).

Modified 2′-fluoro RNA aptamers were also obtained against *Trypanosoma cruzi*, the causative agent of Shagas disease (Ulrich et al., [2002](#CIT0168)). At the stage of trypomastigote, *Tr. cruzi* binds to the host cells and enters them due to interactions with extracellular matrix proteins. The obtained 2′-fluoro RNA aptamers at 1 µM concentration demonstrated a 50--80% inhibition of parasite invasion into cells. There were also 2′-fluoro RNA aptamers selected for the detection of *Tr. сruzi* antigens in biological fluids (Nagarkatti et al., [2014](#CIT0134)). These aptamers were applied for the detection of antigens in the serum of infected mice, but the particular target of aptamers was not determined.

Aptamers capable of binding parasite proteins present on the host cell surface deserve a special attention. Barfod et al. ([2009](#CIT0007)) obtained 2′-fluoro RNA aptamers against PfEMP1 protein which is expressed on the surface of erythrocytes infected by the malaria plasmodium *Plasmodium falciparum*. This protein promotes the conglutination of erythrocytes (rosettes forming) and the adhesion of infected erythrocytes to the walls of small blood vessels. The SELEX target was represented by the recombinant DBL1α protein corresponding to the semi-conservative N-terminal domain of PfEMP1 protein responsible for the formation of rosettes. The obtained aptamer at the concentration of 387 nM (12 µg/ml) caused almost complete destruction of rosettes, thus making it a potential anti-malaria drug. The production of aptamers capable of recognizing the malaria plasmodium is also interesting from the point of view of malaria diagnostics, in which it could be applied for direct detection of the pathogen in blood samples. For example, two independent research groups selected DNA aptamers binding the plasmodium lactate dehydrogenase (pLDH), which is a biomarker of malaria. The obtained DNA aptamers possessed different nucleotide sequences but similar elements of secondary structure (Cheung et al., [2013](#CIT0029); Lee et al., [2012a](#CIT0111),[b](#CIT0112)). The binding affinities with protein targets were also within the same range (*K*~d~ = 20--50 nM). The minimized aptamer obtained by Lee et al. ([2012a](#CIT0111),[b](#CIT0112)) was applied for the development of electrochemical and colorimetric biosensors for the detection of plasmodia in clinical samples (Jeon et al., [2013](#CIT0082)). In particular, the electrochemical biosensor on the basis of gold nanoparticles had the detection limit as low as 1 pM and was able to detect both *P. vivax* and *P. falciparum* at concentrations below 100 cells/ml. The authors suggest that a constructed aptasensor can be used for rapid and sensitive diagnostics of malaria.

Conclusions {#s0013}
===========

Despite the remarkable progress in the diagnostics and treatment of infectious diseases during the last half-century, there are still a multitude of problems concerning the development of rapid cost-effective detection methods and that overcoming the side effects of therapeutic agents and pathogen drug resistance. The aptamers could provide a powerful tool for the development of both novel diagnostic methods and therapeutic agents capable of blocking the functions of pathogenic microorganisms. Nowadays, the SELEX technology includes a variety of techniques and is flexible and tunable enough to target any particular protein of interest or a whole bacterial cell or a viral particle. There are also a number of ways to increase the biological stability of aptamers by means of various chemical modifications. The possibilities of a successful SELEX methodology have been demonstrated in particular for the development of antiviral aptamers. Aptamers selected against viral surface proteins can be applied for the inhibition of virus--cell fusion as well as for the design of diagnostic systems. There are also examples of virus-inhibiting aptamers targeted to the key viral enzymes or to the host proteins necessary for the viral life cycle. It is worth noting that although the overwhelming majority of aptamers are selected against protein targets, aptamers were also obtained to bind HIV-1 TAR RNA, which is responsible for viral transcription. From the diagnostic point of view, it is interesting to mention the aptamers recognizing virus-infected eukaryotic cells. As for bacterial targets, most aptamers obtained against different human pathogens were applied for diagnostic purposes as a basis for specific and sensitive biosensors. To illustrate the potential of aptamers as candidate antibacterial agents, we should mention the DNA aptamer selected against whole, living *Mycobacterium tuberculosis* bacteria which was shown to decrease the amount of mycobacteria in MTB-infected mice and alleviate disease manifestations. Unicellular parasites can also be targeted by aptamers, although only a few examples are described up-to-date, including 2′-modified RNA aptamers against trypanosomes and against PfEMP1 protein which is expressed on the surface of erythrocytes infected by the malaria plasmodium. The latter aptamer was shown to prevent the agglutination of erythrocytes and has been also successfully used as a recognizing element for a very sensitive biosensor.

To summarize, the development of aptamer-based diagnostic tools resulted in the whole array of specific and sensitive biosensors for pathogen detection. There is also a number of encouraging examples of aptamers that can inhibit the infections ([Table 1](#t0001){ref-type="table"}). All these data indicate that in the nearest future aptamer-based technology could become a real alternative to the traditional approaches for the diagnostics and therapy of infectious diseases.

CFU

:   colony forming units

DPBS

:   Dulbecco's phosphate-buffered saline

ELISA

:   enzyme-linked immunosorbent assay

ELONA

:   enzyme-linked oligonucleotide assay

FRET

:   fluorescent resonance energy transfer

HAU

:   hemagglutinin units

HIV

:   human immunodeficiency virus

HNA

:   hexitol nucleic acid

LNA

:   locked nucleic acid

LOD

:   limit of detection

NMR

:   nuclear magnetic resonance

PBMC

:   peripheral blood mononuclear cells

PCR

:   polymerase chain reaction

PFU

:   plague forming units

pRNA

:   packaging RNA

RISC

:   RNA-induced silencing complex

RT-PCR

:   real-time PCR

SARS

:   severe acute respiratory syndrome

SELEX

:   systematic evolution of ligands by exponential enrichment

SERS

:   surface-enhanced Raman spectroscopy

siRNA

:   small interfering RNA

SPR

:   surface plasmon resonance

TAR

:   *trans*-activation response element.
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